and/or CB 2 receptor ligands originally developed as pharmacological tools for investigating the endocannabinoid system or as potential pharmacotherapies. Hundreds of compounds were synthesized in academia and pharmaceutical companies, and their binding affinities and structure-activity relationships were investigated (1) (2) (3) . Since the mid-2000s these designer drugs have been abused as recreational drugs (4 -5 ) , leading to numerous intoxications as demonstrated by the high number of poison control calls (6 ) and emergency department visits over the last few years (7 ) , and also demonstrated by surveys among adolescents that showed high prevalence (8 -9 ) . Identifying which substances are currently on the market is a substantial challenge for forensic and clinical laboratories, as well as developing analytical methods for new designer drugs, which requires knowledge of the drugs' metabolism. Synthetic cannabinoids are almost exclusively excreted as metabolites in urine (10 -16 ) , the most common screening matrix in clinical, workplace, military, and sport doping drug testing. Therefore, knowledge of urinary metabolites is required for developing effective urine testing methods, but no data on the human metabolism of new compounds are available. Be-cause approval for controlled administration studies in humans cannot be obtained owing to a lack of toxicological data, other strategies are necessary to determine major metabolic targets.
As rapidly as synthetic cannabinoids were scheduled, new compounds emerged. The most popular naphthoylindoles (e.g., JWH-018, AM2201), as well as phenacetylindoles, benzoylindoles, and whole structural classes were scheduled in most European countries, the US, Japan, Russia, Australia, and New Zealand. Consequently, clandestine laboratories synthesized similar nonregulated compounds. One of the newest compounds is [1-(5-fluoropentyl)indol-3-yl]-(2,2,3,3-tetramethylcyclopropyl)methanone (XLR-11) (Fig. 1) , which replaced former popular substances like AM2201 and JWH-018. XLR-11 is not currently covered by most of the regulations owing to its unusual structural element, the 2,2,3,3-tetramethylcyclopropyl (TMCP) ring. In May 2013, the US Drug Enforcement Administration temporarily placed XLR-11 into Schedule I of the Controlled Substance Act (17 ) . XLR-11 was detected in late 2011 in Russia (18 ) and also was reported in Japan (19 ) , Europe (20 ) and the US (21 ) . According to several reports (17, 21 ) , XLR-11 prevalence in the US has increased significantly since the summer of 2012 and remained increased in the beginning of 2013.
TMCP cannabinoids were developed by Abbott Laboratories; synthesis and cannabinoid receptor affinities for 70 compounds were published in 2010 (1 ) . Investigators reported that the TMCP group generally has high CB 2 affinity not related to preferred subjective drug effects. Although XLR-11, which has a 5-fluoropentyl side chain at the indole nitrogen, is not mentioned in this publication, the assessment of receptor affinities for 2 closely related compounds, one with a nonfluorinated pentyl side chain and the other with a 5,5,5-trifluoropentyl side chain, was reported. The first compound, also known as UR-144, has high CB 2 but low CB 1 receptor-binding affinity (K i ) (K i CB 1 , 150 nmol/L; Ki CB 2 , 1.8 nmol/L), whereas the second compound showed high CB 1 receptor affinity (Ki CB 1 , 15 nmol/L; Ki CB 2 , 0.09 nmol/L) (1 ) .
The purpose of this study was to investigate human XLR-11 metabolism by analyzing samples collected after drug incubation with human hepatocytes with high-resolution mass spectrometry (HRMS) and software-assisted data mining. This approach creates realistic metabolic profiles because enzyme activities in human hepatocytes produce metabolite concentra- 
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tions in ratios similar to those found in vivo. Compared to other approaches, e.g., incubation with human liver microsomes or controlled drug administration to rats, human hepatocytes provide the most authentic spectrum of metabolites. Microsomes do not produce phase II metabolites. XLR-11 was selected for this research because of its current high prevalence, the lack of any knowledge on its metabolism in humans, and the serious acute kidney injuries described in adolescents that were associated with XLR-11 in several cases (22) (23) . Although XLR-11 has not been proven as the causative agent, the parent compound was detected in the implicated product or toxicological results strongly suggested XLR-11 (detection of parent compound in serum or UR-144 pentanoic acid in urine).
Materials and Methods

CHEMICALS AND REAGENTS
XLR-11 was obtained from Cayman Chemicals, formic acid for LC-MS from Fisher Scientific, and LC-MSgrade acetonitrile from Sigma Aldrich. Water was purified in house with an ELGA Purelab Ultra Analytic purifier (Siemens Water Technologies).
INCUBATION WITH HUMAN LIVER HEPATOCYTES
XLR-11 was incubated at a final substrate concentration of 10 mol/L with pooled cryopreserved human hepatocytes from 3 donors (Celsis InVitro Technologies) under shaking in an incubator at 37°C. A 1-mL suspension containing 1.3 million hepatocytes/mL with viability of Ͼ80% was used. Samples were collected after 0, 1, and 3 h of incubation, mixed with an equal volume of acetonitrile, and stored at Ϫ80°C until analysis. A positive control sample with diclofenac was incubated with XLR-11 and was analyzed for expected metabolites, 4Ј-hydroxydiclofenac and diclofenac acyl glucuronide, to ensure metabolite formation under the given experimental conditions.
SAMPLE PREPARATION
Samples were clarified via centrifugation at 15 000g, 4°C for 5 min and diluted 1:4 with mobile phase before 10 L injection. The blank mobile phase, a neat 50 g/L XLR-11 standard in mobile phases A and B (100 L/100 L), and the 0-h sample were analyzed as controls. 
INSTRUMENTATION
MASS SPECTROMETRY
The MS method consisted of a TOF MS survey scan and an information-dependent acquisition (IDA)-triggered TOF tandem MS (MS/MS) scan with positive electrospray ionization. Source parameters were: source temperature 500°C, ion spray voltage 5500 V, ion source gases 1 and 2, 50 each; curtain gas 30 . The TOF scan range was m/z 100 -950 Da, with an accumulation time of 0.1 s. The declustering potential was optimized and set to 140 V; the collision energy was 10 eV. Data were acquired by IDA experiments with dynamic background subtraction with the following specifications: exclusion of isotopes within 3 Da, no exclusion of former target ions, and mass tolerance 50 mDa. Each sample was analyzed with and without mass defect filtering. Mass defect filtering was set with a mass tolerance of 40 mDa for metabolites similar to the parent drug or with major modifications, e.g., dealkylation or glucuronidation, which would markedly change the mass defect (Table 1) . A maximum of 4 candidate ions were selected for subsequent product ion scans based on signal intensity. Product ion scans were acquired from 60 -950 Da with an accumulation time of 0.075 s per scan. The declustering potential was 140 V. The collision energy was optimized and set to 40 eV with a spread of Ϯ10 eV. External mass calibration was performed automatically every fifth injection via infusion through the Calibrant Delivery System.
DATA PROCESSING AND EVALUATION OF CANDIDATES
Data processing was performed with MetabolitePilot software (AB SCIEX). A set of biotransformations for processing the data and assigning appropriate metabolites was created on the basis of the structure of XLR-11. Peaks were considered for metabolite search and MS/MS fragment interpretation if they corresponded to a predicted mass, were within the range of calculated mass defect filters, or showed at least 2 characteristic product ions/neutral losses. The minimum peak width was 2.5 s, minimum peak intensity 1500 cps, MS m/z tolerance 40 ppm, and minimum MS peak intensity 400 cps. The maximum number of unexpected metabolites was restricted to 10. The identified peaks were confirmed as metabolites based on mass accuracy as well as plausible retention time and fragmentation. Major metabolites were determined on the basis of MS peak area ranks, which were assigned within the 1-h and 3-h samples, respectively.
Results
XLR-11 was metabolized by phase I and II enzymes in human hepatocytes; more than 25 XLR-11metabolites were produced by hydroxylation, carboxylation, hemiketal and hemiacetal formation, internal dehydration, and further glucuronidation of some oxidative metabolites. Mass shifts of the proposed structures compared to calculated exact masses were Ͻ2.7 ppm for all metabolites. Retention times were between 5.75 and 13.85 min, with XLR-11 eluting at 17.3 min ( Fig.  2A) , which provided sufficient time for potential latereluting metabolites like N-oxides in the 20-min gradient. Notably, XLR-11 also underwent oxidative defluorination resulting in UR-144 metabolites. Table 2 lists all metabolites with retention times, exact masses, assigned biotransformation(s), major fragments, and rank based on MS peak area in the 1-h and 3-h samples. Metabolites resulted from hydroxylation (M6, M7, M8, M14, M17, M18, M20, M21) with subsequent ring closure (M23, M30), carboxylation (M11, M13, M14, M18, M27), and oxidative defluorination (M10, M12, M15, M16, M19, M23, M24, M28, M29). Many metabolites underwent further glucuronidation (M1-9, M11, M13, M17, M20 -22, M25, M26). Accurate mass measurements and retention times suggested less common metabolic reactions, e.g., hemiacetal formation for M7, M9, and M22, hemiketal formation for M24, and internal dehydration for M23 and M30. No sulfate or glutathione conjugation was observed.
Main sites of metabolic modifications were (a) the terminal position of the pentyl side chain, (b) the TMCP ring, and (c) the ␣-carbon atom next to the carbonyl function. Based on MS peak areas and ranking in the 1-h and 3-h samples, the main XLR-11 metabolites were 2Ј-carboxy-XLR-11 (M27), UR-144 pentanoic acid (M28), 5-hydroxy-UR-144 (M29), 2Ј-carboxy-UR-144 pentanoic acid (M15), and the 3 hydroxy-XLR-11 glucuronides (M21, M18, M20).
Discussion
High-resolution MS acquiring full-scan MS and MS/MS data provides a powerful tool for metabolite identification. The formula of the intact molecule is accurately determined, and accurate mass measurements aid in assigning correct fragment structures. Structure elucidation is easier and faster than with conventional MS requiring multiple injections for precursor ion, neutral loss, and product ion scans.
Some limitations to these first predictions of XLR-11 metabolism should be considered. First, human hepatocytes cannot fully substitute for the complex interactions and processes occurring during metabolism and elimination from the human body. Although human hepatocytes offer the most realistic conditions to determine the metabolic profile of a substance compared with other biological systems, these results predict which metabolites will most likely be found in humans. Second, the cyclopropyl ring is under strain and has been shown to be unstable under certain conditions. Shevyrin et al. (18 ) and Kavanagh et al. (24 ) proposed ring opening during 2,2,3,3-TMCP cannabinoid stability studies. The cyclopropyl ring can be cleaved when heated, forming isomers carrying a pent-4-en-1-one chain. The extent to which this Potential in-source-fragmentation of the glucuronidated metabolite because only the mass of the aglycone was found.
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isomerization occurs is unclear, but it should be considered since synthetic cannabinoids are primarily consumed by smoking.
XLR-11
Fig . 1 shows the product ion spectrum of XLR-11 [M0, m/z 330.2229, retention time (RT) 17.33 min]. We related 4 characteristic fragments to a substructure. The 2 most intense fragments are m/z 125, which indicates an intact TMCP ring with the vicinal carbonyl group, and m/z 232, which is the fluoropentyl indole moiety with the carbonyl group attached. Removal of the TMCP ring produces a minor fragment with m/z 97, whereas fragment m/z 144 is the dealkylated carbonyl indole moiety. The other product ions could not be assigned definitively. For structure elucidation of metabolites, mass shifts of product ions between the metabolite and the parent compound will indicate where structure modifications did or did not occur.
MAJOR METABOLITES
Major metabolites were determined by ranking MS peak areas at 1 h and 3 h and combining the results. UR-144 pentanoic acid (M28, m/z 342.2073, RT 12.98 min) is derived from XLR-11 after oxidative defluorination-a biotransformation that is already known to occur for other fluorinated synthetic cannabinoids like AM2201 (16 ) . This metabolite displays characteristic product ions at m/z 97 and m/z 125, which are both related to an unaltered TMCP ring, and at m/z 144, an unchanged indole moiety. Fragment m/z 244 indicates that oxidative defluorination at the terminal position of the pentyl side chain occurred, followed by further oxidation. Notably, 5-carboxy-UR-144 is already commercially available. However, it is impossible to unambiguously distinguish between UR-144 and XLR-11 consumption by considering this metabolite only.
5-Hydroxy-UR-144 (M29, m/z 328.2279, RT 13.33 min) is the metabolic precursor of UR-144 pentanoic acid. Characteristic product ions were m/z 97, m/z 125, and m/z 144, suggesting that no modifications take place at the TMCP ring and the indole moiety. Fragment m/z 230 indicates defluorination and hydroxylation at the pentyl side chain. This metabolite also is commercially available to detect XLR-11 intake.
It is consistent that another major XLR-11 metabolite is generated by a combination of the biotransformations that led to the first 2 metabolites. The MS/MS spectrum of 2Ј-carboxy-UR-144 pentanoic acid (M15, m/z 372.1811, RT 8.58 min) shows fragments at m/z 218 and m/z 244, suggesting a carboxyl function at the end of the pentyl chain, with no modification at the indole moiety (m/z 144). We conclude that the second carboxylation will be located at the TMCP ring since there were no fragments at m/z 97 or m/z 125. The dominant fragment at m/z 354 is generated by a loss of water from the parent; subsequent decarboxylation leads to m/z 310.
Three hydroxy-XLR-11 glucuronides were found (M17, m/z 522.2491, RT 8.89 min; M20, m/z 522.2494, RT 8.98 min; and M21, m/z 522.2497, RT 9.13 min), all of them showing fragments at m/z 144 and m/z 232, which are related to an unchanged indole moiety and fluorinated pentyl side chain. Consequently, the oxidation occurs at the remaining part of the molecule, raising the question why 3 peaks were observed when there are only 2 possible sites for the oxidation to take place. Although a hydroxy group at different methyl groups of the TMCP ring does not lead to sterically different molecules, the introduction of a second chiral center by glucuronidation does. Therefore, we assume that the 2 closely eluting substances (M17 and M20) are diastereomers of 2Ј-hydroxy-XLR-11 glucuronide, whereas the third compound eluting at 9.14 min (M21) is generated by oxidation at the 1Ј position, followed by glucuronidation. Oxidation at the exposed methyl group is more likely to occur than at the ␣-carbon atom of a carbonyl function, which explains the peak intensities. The MS/MS spectrum of M17 is representative for the other two hydroxy-XLR-11 glucuronides as well, which showed the same characteristic fragments.
STRUCTURE ASSIGNMENTS FOR PARTICULAR METABOLITES
the remaining part of the molecule. The MS/MS spectrum of the fourth metabolite, M16, gives a characteristic fragment at m/z 230, which occurs only for this compound and could be related to oxidative defluorination to form a 5-hydroxypentyl chain. The lack of m/z 97 and m/z 125 indicates carboxylation at the TMCP ring, most probably at an exposed methyl group. With similar product ion spectra and close retention times, M10 and M12 appear to be related, whereas M24 showed different fragments (m/z 200) and eluted later. We suggest that M10 is hydroxylated at the ␣-carbon atom while M12 is hydroxylated at a methyl group of the TMCP ring. This is in agreement with calculated logP (octanol-water partition coefficient) values (2.90 vs 2.96) (25 ) and peak intensities.
We propose that M24 is a minor metabolite that is generated by hemiketal formation between the carbonyl group and the hydroxyl group. In total 3 metabolites were observed with a molecular ion at m/z 372 (depicted in a thin black line in Fig.  2C ). Whereas M5 (m/z 372.1807, RT 6.51 min) and M15 (m/z 372.1811, RT 8.58 min) were detected at both time points, M19 is a minor metabolite showing only a small signal in the 3-h sample (m/z 372.1812, RT 8.96). As already mentioned, M15 is one of the major metabolites, 2Ј-carboxy-UR-144 pentanoic acid. Based on its retention time, we conclude that M5 is the acyl glucuronide of this metabolite. Acyl glucuronides are known to be unstable; they can be cleaved during storage and insource fragmented in the mass spectrometer. M12 and M14 are the two diastereomers of 2"-hydroxy-XLR-11 glucuronide. The conjugated metabolite M8 was detected at m/z 548 but is shown for explanatory reasons in the group of m/z 372.
Therefore, it is likely that the glucuronide underwent deconjugation and only the molecular ion of the aglycone was detected. For M19, the product ions m/z 144 and m/z 244 in the MS/MS spectrum suggest a carboxyl function at the defluorinated pentyl chain and further biotransformation at the TMCP ring, which probably is the formation of a hemiacetal structure of a hydroxyl group at the 2Ј position and a reactive aldehyde group at the 3Ј position. Metabolite M7 (m/z 548.2100, RT 6.76min) is likely the M19 glucuronide, because the product ion spectrum of the precursor 548 shows characteristic fragments at m/z 144, 218, 244, 354, and 372. The formation of an ether glucuronide, which is more stable than an acyl glucuronide, also prevents the hemiacetal ring structure from reopening. M27, 2Ј-carboxy-XLR-11, is the most intense metabolite of all observed metabolites. Among the remaining 3 compounds, M13 is clearly more abundant than M11 and M22, which are only minor metabolites. Searching the raw data for m/z 536, the mass of the corresponding glucuronide conjugate, revealed that M13 and M22 are insource fragmented glucuronides. Because relevant signals at m/z 536 could be seen, the mass of [MH] ϩ in Table 2 was adjusted accordingly. It is highly probable that M11, which elutes earlier at 8.33 min, is a glucuronide as well. As mentioned before for the hydroxy glucuronides, inclusion of a second chiral center by conjugation with glucuronic acid leads to diastereomers of former identical isomers. This suggests that M11 and M13 are 2 diastereomers of 2Ј-carboxy-XLR-11 glucuronide, M13 being the primary isomer. M22, which shows the same fragments as the other 3 metabolites, is probably generated by hemiacetal formation followed by glucuronidation.
Dioxidation followed by internal dehydration is the proposed biotransformation for 2 metabolites (M23, m/z 356.1858, RT 9.64 min and M30, m/z 344.2019, RT 13.84 min) (both in grey in Fig. 2C ). Both metabolites have an additional aliphatic ring and differ only in the pentyl side chain that is either fluorinated or carboxylated.
Understanding synthetic cannabinoid metabolism is necessary for many reasons. Most importantly, identification of metabolites provides the basis for the development of analytical methods, enabling toxicologists and clinicians to correctly link observed adverse effects to the causative designer drug. Combining epidemiological and clinical data from poison control centers, emergency departments, and police reports with synthetic cannabinoid metabolite concentrations will improve our understanding of the drugs' pharmacodynamic effects and pharmacokinetics, and permit us to better interpret analytical results of these new designer drugs. These data also are critically important for future controlled drug administration studies, should they become possible, and for evaluating the contributions of metabolites that may contribute to pharmacodynamic effects. Chimalakonda et al. showed that some synthetic cannabinoid metabolites may have cannabinoid receptor affinities similar to those of the parent drug (10 ) .
Conclusions
In summary we define here for the first time XLR-11 human metabolism by human hepatocyte culture, highresolution MS, and software-assisted data mining. XLR-11 is one of the most prevalent new synthetic cannabinoids. Identifying intake of this new designer drug requires that the major metabolites expected in urine are defined. These are the first data on XLR-11 metabolites giving clinical and forensic toxicologists a basis for developing analytical methods, identifying XLR-11 exposure, and interpreting urine results. This approach provides a powerful tool for rapid identification of metabolites of unknown synthetic cannabinoids and will be used for metabolite identification of these and other emerging designer drugs. 
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